Genomic imprinting is a form of epigenetic regulation resulting in differential gene expression that reflects the parent of origin. In plants, imprinted gene expression predominantly occurs in the seed endosperm. Maternal-specific DNA demethylation by the DNA demethylase DME frequently underlies genomic imprinting in endosperm. Whether other more ubiquitously expressed DNA demethylases regulate imprinting is unknown. Here, we found that the DNA demethylase ROS1 regulates the imprinting of DOGL4. DOGL4 is expressed from the maternal allele in endosperm and displays preferential methylation and suppression of the paternal allele. We found that ROS1 negatively regulates imprinting by demethylating the paternal allele, preventing its hypermethylation and complete silencing. Furthermore, we found that DOGL4 negatively affects seed dormancy and response to the phytohormone abscisic acid and that ROS1 controls these processes by regulating DOGL4. Our results reveal roles for ROS1 in mitigating imprinted gene expression and regulating seed dormancy.
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DNA methylation | DNA demethylation | ABA response | DME G enomic imprinting is an epigenetic mechanism that alters gene expression in a parent-of-origin manner whereby some genes display differential expression, depending on whether the allele was inherited from the maternal or paternal parent (1, 2) . This epigenetic phenomenon occurs in mammals and seed plants and is considered to have evolved independently in the two lineages (3) . Mammals display imprinted gene expression in both the placenta and embryo, whereas imprinting in angiosperms appears to occur predominantly in the seed endosperm (2, 4) . The endosperm is a triploid tissue derived after the fertilization of the homodiploid central cell with one sperm cell; the other sperm cell fertilizes the egg cell to form a diploid embryo. The seed endosperm serves to nurture and support the growing embryo and can be considered analogous to the mammalian placenta (5) . Although the evolutionary forces for the selection of imprinted expression in the endosperm are still debated, conflicts between maternal and paternal genomes in resource allocation to offspring or dosage control may be important driving forces for this process (6) .
Genome-wide RNA sequencing of endosperm has identified hundreds of imprinted genes in Arabidopsis, rice, and maize (7) (8) (9) (10) (11) (12) (13) . However, different studies in the same species show low overlap in the lists of imprinted genes; therefore, putative imprinted genes identified from genome-wide surveys must be validated. Differential DNA methylation and histone modifications between maternal and paternal alleles are major regulators of imprinted gene expression (2, 14) . Active DNA demethylation by the 5-methylcytosine DNA glycosylase/lyase DEMETER (DME) establishes differential DNA methylation at some imprinted loci (15, 16) . DME removes methylated cytosines in the central cell of the female gametophyte, leading to DNA hypomethylation on the maternal alleles in the endosperm, which ultimately results in differential expression of parental alleles in the endosperm (17, 18) . De novo methylation through the RNA-directed DNA methylation (RdDM) pathway regulates genomic imprinting at some other loci (19) . In addition to DNA methylation, trimethylation of histone H3 on lysine 27 (H3K27me3), catalyzed by the Polycomb Repressive Complex 2 (PRC2), is another important epigenetic mark involved in the regulation of some imprinted genes in the endosperm (20, 21) .
Whereas DME is preferentially expressed and functions in the central cell and endosperm, other 5-methylcytosine DNA glycosylases/lyases, including ROS1, DEMETER-like 2 (DML2), and DEMETER-like 3 (DML3), are expressed in nearly all tissues of Arabidopsis (22) (23) (24) (25) . ROS1 dysfunction causes the transcriptional silencing of some transgenes and endogenous genes (22, (25) (26) (27) . ROS1-mediated DNA demethylation and gene regulation control diverse physiological functions, including antibacterial defense (28) , and the production of stomatal stem cells (29) . Indeed, genome-wide DNA methylation analyses revealed that ROS1 protects thousands of genomic regions from DNA hypermethylation (25) , suggesting that the cellular processes regulated by ROS1 are not fully appreciated. For instance,
Significance
Genomic imprinting is a form of epigenetic regulation causing parent-of-origin differential expression of maternally or paternally inherited alleles. The DNA demethylase DME regulates the imprinting of many genes in the Arabidopsis endosperm. It is not known whether and how other DNA demethylases may also regulate imprinting. Here, we discovered that the DNA demethylase ROS1 negatively regulates DOGL4 imprinting via demethylation of the DOGL4 promoter on the paternal allele. Additionally, we found that DOGL4 negatively regulates seed dormancy and abscisic acid (ABA) response and that ROS1 regulates seed dormancy and ABA response by controlling DOGL4 expression. Our results thus suggest a different mechanism of regulation of gene imprinting and reveal important roles of ROS1 in the regulation of seed dormancy and ABA response.
although ROS1 is expressed in the endosperm (22) , whether it regulates imprinted gene expression is still unknown.
Here, we found that the imprinted expression of DOGL4, a paralogous gene of DOG1 that controls seed dormancy (30) , depends on differential methylation of its promoter. We show that the paternal allele is methylated and partially repressed in endosperm. ROS1 is specifically required to protect the paternal allele from excessive DNA methylation and complete silencing, whereas the maternal DOGL4 allele remains unmethylated and expressed upon loss of function of ROS1. Thus, ROS1 is a negative regulator of the imprinting of DOGL4. We discovered that ROS1 regulates seed dormancy and the abscisic acid (ABA) response via regulation of DOGL4. These findings reveal roles for ROS1 in the regulation of imprinted gene expression and seed dormancy.
Results

DOGL4
Is an Imprinted Gene in Arabidopsis Endosperm. At4g18650 (DOGL4) was previously identified as a putative maternally expressed imprinted gene in the endosperm (9) . To confirm the imprinting of DOGL4, we first analyzed reciprocal crosses of Col and C24 accessions. We utilized a G/C polymorphism to discern DOGL4 allele-specific transcripts by RT-PCR-RFLP (Fig. 1A ) and qRT-PCR (Fig. 1B) . The embryos showed slightly higher levels of the C24 allele, irrespective of the cross ( Fig. 1 A and B) . Although F 1 endosperms derived from reciprocal crosses showed higher expression of the maternal allele compared with the paternal allele, the change was not substantially higher than the expected twofold difference in the absence of imprinting. Therefore, it was unclear if there was imprinting of DOGL4 expression in the endosperm of these crosses. Next, we crossed wild-type Col with a mutant line of DOGL4 (dogl4-1), which has a T-DNA insertion in the intron and does not produce the full gene transcript (SI Appendix, Fig. S1 ). Consistent with the imprinting of DOGL4 in the endosperm, endosperm showed high DOGL4 expression only when Col WT was the female parent, whereas the embryo showed similar DOGL4 levels in both reciprocal crosses (Fig.  1C) . Thus, DOGL4 is imprinted in the endosperm of Col background. The differential expression between the maternal and paternal DOGL4 alleles in endosperm was more obvious within the Col ecotype (Fig. 1C ) than in Col/C24 hybrids (Fig.  1A) , suggesting that different genetic backgrounds affect the extent of DOGL4 imprinting.
DOGL4 Imprinting Requires DNA Methylation of the Paternal Promoter.
To investigate whether DNA methylation regulates the silencing of the DOGL4 paternal allele in endosperm, we used RdDMdefective mutants as pollen donors in crosses with dogl4-1. We found that the loss of the key RdDM pathway component NRPD1, RDR2, DCL3, or NRPE1 in the male parent released the silencing of paternal DOGL4 in the F 1 endosperm ( Fig. 2A) , suggesting that RdDM-mediated DNA methylation of the paternal allele is required for DOGL4 imprinting in the endosperm.
To determine if the DOGL4 promoter is sufficient for imprinting in endosperm, we generated transgenic DOGL4 reporter lines in Col that contained 3.7-or 1.9-kb DOGL4 promoter fragments driving β-glucuronidase (GUS) expression (SI Appendix, Fig. S2A ). F 1 endosperms derived from reciprocal crosses between Col wild-type (WT) and the transgenic lines showed significantly higher GUS expression from the maternal allele than the paternal allele ( Fig. 2 B and C and SI Appendix, Fig. S2 ). In contrast, embryos showed similar expression of GUS from both alleles ( Fig. 2 B and C and SI Appendix, Fig. S2 ). These data indicate that the 1.9-kb DOGL4 promoter is sufficient to confer imprinted expression. Given that DNA methylation regulates the imprinting of DOGL4, we investigated whether the parental alleles may display differential DNA methylation within the 1.9-kb DOGL4 promoter. We performed bisulfite sequencing of four nonoverlapping promoter fragments in endosperm (Fig. 2D ). Fragment 3 (referred to as −1.0-kb region) but not the other fragment methylation profiles revealed two distinct CG methylation patterns, consistent with differential methylation of the alleles (Fig. 2E ). To confirm that DNA methylation occurred at the paternal allele, we collected endosperm from reciprocal crosses of Col and C24 and utilized a G/T polymorphism within the −1.0-kb region to distinguish the two alleles. Although there was a bias toward sequenced clones from the Col allele, clones from the maternal and paternal alleles clearly displayed low and high DNA methylation of the −1.0-kb region, respectively (Fig. 2F) . Additionally, the higher DNA methylation of the −1.0-kb paternal allele was lost in Col/nrpd1 F 1 endosperm (Fig. 2G) . Together, these results suggest that paternal DNA methylation at the −1.0-kb region of the DOGL4 promoter is necessary and sufficient for imprinted expression of DOGL4 in endosperm.
Loss of DME and PRC2 Reduces DOGL4 Expression Likely Indirectly Through an Effect on Endosperm Development. Previous genomewide analyses had suggested that DME regulates DOGL4 imprinting in the endosperm (9) . To clarify the potential role of DME, we examined maternal and paternal DOGL4 expression in dme/C24 F 1 endosperm. We found that both alleles were suppressed (SI Appendix, Fig. S3A ), consistent with previous data (9) . However, reduced DOGL4 expression in dme/C24 endosperm was not associated with substantially increased DNA methylation within the DOGL4 promoter, which even showed reduced CG methylation in fragment 3 of the paternal allele (SI Appendix, Fig. S3B ).
To investigate whether the PRC2 complex regulates DOGL4 imprinting, we quantified DOGL4 expression in the endosperm of PRC2-defective mutants, including mea/+, fie/+, msi1/+ and fis2/+. Similar to dme/+, the total expression of DOGL4 was repressed in endosperm from all of the mutants (SI Appendix, Fig. S3C ), and CG methylation of fragment 3 was lost from the paternal allele in fie/C24 endosperm (SI Appendix, Fig. S3D ). Given that reduced methylation of DOGL4 correlated with increased expression from the maternal allele in WT plants, it is unlikely that the reduced levels of DOGL4 in dme and PRC2-defective mutants arise from promoter demethylation. PRC2-deficient and dme mutant endosperms display delayed development, and embryos arrest before the heart stage, 4 d after pollination (DAP) (15, 31, 32) . We postulated that the delayed development of these mutants may impact DOGL4 expression, independent of the mutant effects on imprinting. We examined DOGL4 levels during the development of WT plants and observed expression in the endosperm starting at 6 DAP and in the embryo by 8 DAP (SI Appendix, Fig. S4 A and B) . Similarly, GUS activity in the 3.7-kb promoter pDOGL4:GUS transgenic line was detected in the endosperm by 5-6 DAP and in the embryo by 8-9 DAP (SI Appendix, Fig. S4C ). Given that we evaluated the endosperm shortly after DOGL4 expression initiates in the WT, the low expression and altered methylation of DOGL4 in the PRC2-deficient and dme mutants are probably due to the delayed and/or arrested development of endosperm, separate from their defects in imprinting.
ROS1 Negatively Regulates the Imprinting of DOGL4. Previous work showed that fragment 1 of the DOGL4 promoter (Fig. 2E , referred to as −0.5-kb region) was hypermethylated in ros1 mutant plants (33) . We confirmed increased CG and CHG methylation at the −0.5-kb region in seedlings of both ros1-1 (C24 background) and ros1-4 (Col background) mutants compared with WT controls (SI Appendix, Fig. S5A ). Since the −1.0-kb region displayed differential DNA methylation in WT endosperm ( Fig.  2 E and F) , we investigated whether ROS1 might also regulate DNA methylation of this region. Indeed, the −1.0-kb region displayed increased CG and CHG methylation in seedlings of all ros1 mutants compared with WT controls (Fig. 3A) . Thus, ROS1 protects the DOGL4 promoter from hypermethylation in seedlings.
Given that loss of ROS1 led to increased DNA methylation of the −1.0-kb region of the DOGL4 promoter in seedlings, we investigated whether ROS1 may regulate differential DNA methylation of the DOGL4 promoter in endosperm. F 1 endosperms from reciprocal crosses between ros1-1 (C24) and ros1-4 (Col) showed increased CG and CHG methylation of the −1.0-kb region only at the paternal allele, but not the maternal allele, compared with WT (compare Fig. 2F with Fig. 3B ). Next, we analyzed differential DNA methylation of the −0.5-kb region in ros1 mutants. There are no polymorphisms in the −0.5-kb region between Col and C24 to distinguish the paternal and maternal alleles, therefore we examined ros1-4 mutant endosperm. Our results suggest increased CG and CHG methylation of only one allele, likely the paternal allele, in the −0.5-kb region, as with the −1.0-kb region, in ros1-4 endosperm compared with WT endosperm (Figs. 2E and 3C) . Thus, knockout of ROS1 increased the differential DNA methylation at the DOGL4 promoter between parental alleles in endosperm. In contrast, both alleles of the DOGL4 promoter displayed high DNA methylation in the embryos of ros1 mutant (Fig. 3 D and E) but not Col WT (Fig.  3F) . Together, these data suggest that ROS1 is required to protect the paternal DOGL4 allele from hypermethylation in endosperm.
Next, we determined whether ROS1 regulates DOGL4 expression. Relative to WT controls, DOGL4 expression was decreased in ros1 mutant endosperm (Fig. 4A) , and even more so in embryos (Fig. 4B ) and freshly harvested seeds (Fig. 4C) , consistent with DNA methylation levels. We analyzed the expression of maternal and paternal alleles in F 1 endosperms from reciprocal crosses between ros1-1 (C24) and ros1-4 (Col) and found that upon knockout of ROS1, DOGL4 expression was reduced from the maternal allele only slightly, whereas paternal DOGL4 expression was completely repressed (Fig. 4 D and E) . Therefore, DOGL4 is a maternally expressed, imprinted gene in the ros1 mutant background in ColxC24 crosses (Fig. 4 D and E) .
Thus, our data suggest that ROS1 negatively regulates gene imprinting by preventing the hypermethylation and complete silencing of the paternal allele.
Regulates Seed Dormancy and ABA Response. DOGL4 is a member of the plant-specific DOG1 gene family (30). DOG1 is a major regulator of seed dormancy, and knockout of DOG1 renders seeds nondormant. Arabidopsis eFP browser data show that DOGL4 expression is highly enriched in seeds (34) . Consistent with these data, our expression analysis also showed that DOGL4 expression in seeds, especially in dry seeds, was much higher than that in other tissues such as roots, leaves, and flowers (Fig. 5A) .
To investigate whether DOGL4 regulates seed dormancy, we evaluated the germination rates of freshly harvested seeds. We found that the germination rate of dogl4-1 seeds was lower than that of WT (Fig. 5B) . To confirm the involvement of DOGL4 in seed dormancy regulation, we used the CRISPR/Cas9 system (35) to generate a mutant allele, dogl4-2, in the highly dormant C24 accession. The dogl4-2 mutant has a frameshift mutation (1-bp insertion at +1154 bp from ATG) in the DOGL4 gene (SI Appendix, Fig. S1 ). We found that dogl4-2 displayed increased seed dormancy compared with the C24 WT control (Fig. 5C ). These data suggest that DOGL4 promotes germination and negatively regulates seed dormancy in WT plants.
The phytohormone ABA is a key factor that induces dormancy (36, 37) . We found that DOGL4 expression was induced by ABA treatment in both roots and shoots of Col (SI Appendix, Fig. S5 B and C), suggesting that DOGL4 might attenuate the ABA response. The germination rates of both dogl4-1 and dogl4-2 mutants were less than the WT controls at all ABA concentrations tested ( Fig. 5 D and E) . To confirm the ABA hypersensitivity phenotype of dogl4-1 mutant, we compared postgermination growth of WT and dogl4-1 mutant on agar media containing different concentrations of ABA. Consistently, dogl4-1 mutants formed green cotyledons at a slower rate than WT at all ABA concentrations (Fig. 5 F and G) . We also depleted the expression of DOGL4 in the Col background by RNAi (SI Appendix, Fig.  S6A ). RNAi lines of DOGL4 were more sensitive to ABA than WT in seed germination and cotyledon greening assays (SI Appendix, Fig. S6 B and C) . Together, these results show that DOGL4 negatively regulates seed dormancy and ABA response.
F 1 seeds from dogl4×WT should have reduced DOGL4 expression in the endosperm compared with WT×dogl4, but both embryos should have similar DOGL4 expression. We found that F 1 seeds of dogl4-2×C24 had stronger seed dormancy than F 1 seeds of C24×dogl4-2 (SI Appendix, Fig. S6D ), and that F 1 seeds of dogl4-1×Col also had higher ABA sensitivity in germination than F 1 seeds of Col×dogl4-1 (SI Appendix, Fig. S6E ). These results indicate that imprinted DOGL4 expression in the endosperm may contribute to promote seed dormancy and ABA sensitivity. As DOGL4 regulates seed dormancy and ABA response (Fig. 5) , we hypothesized that ROS1 may also regulate these processes via controlling the expression of DOGL4. We compared seed dormancy phenotypes of ros1-4, dogl4-1, and Col WT. Similar to dogl4-1, ros1-4 showed a lower germination rate than WT (Fig.  5B) , indicating that the ros1-4 mutant has increased seed dormancy. We also investigated the seed dormancy phenotype of ros1-1 from the highly dormant C24 accession. Consistently, freshly harvested ros1-1 seeds displayed a lower germination rate than the C24 WT control (Fig. 5C ). These results indicate that ROS1 regulates seed dormancy.
Next, we investigated whether ros1 mutants show an altered ABA response. Like dogl4 mutants, the germination rates of ros1-1, ros1-4, and ros1-6 were less than their WT controls at all ABA concentrations tested (Figs. 5 D and E and 6A). Further, ros1 mutants formed green cotyledons at a slower rate than their respective WT controls at all ABA concentrations tested (Figs. 5  F and G and 6 B and C) , indicating an increased sensitivity of ros1 mutants to ABA. Loss-of-function of either DML2 or DML3, two paralogues of ROS1, did not elevate the DNA methylation level of DOGL4 promoter (Fig. 6D) . The sensitivity to ABA in dml2-2 or dml3-2 mutants was also not altered ( Fig. 6 E and F) . Furthermore, the triple mutant rdd-2 (ros1-4 dml2-2 dml2-3) showed a similar DNA methylation level of DOGL4 promoter and ABA sensitivity to the ros1-4 single mutant (Fig. 6 D-F) . Therefore, of the three ubiquitously expressed DNA demethylases, ROS1 is significantly involved in the regulation of seed dormancy and ABA response.
To confirm that the decreased expression of DOGL4 is responsible for the increased seed dormancy and ABA sensitivity in ros1 mutants, we overexpressed DOGL4 in a ros1-4 mutant background (Fig. 7A) . Phenotypic analysis in the transgenic lines revealed that overexpression of DOGL4 could rescue the defective seed dormancy and ABA sensitivity phenotypes of ros1-4 ( Fig. 7 B and C) . Thus, ROS1 negatively regulates seed dormancy and ABA response via DOGL4.
Discussion
In this study, we validated DOGL4 as a maternally imprinted gene in endosperm. Our results revealed that DOGL4 imprinting depends on DNA methylation of the paternal allele in the −1.0-kb region of DOGL4 promoter. The increased DOGL4 promoter DNA methylation and reduced DOGL4 expression in the paternal allele were suppressed in F 1 endosperms when RdDMpathway defective mutants were used as male parents, suggesting that differential DNA methylation might be established before fertilization. In plants, DME and PRC2 are the key regulators of imprinted gene expression in the endosperm (2, 14) . PRC2-deficient and dme mutant plants displayed defective endosperm development; this developmental defect likely contributes to the low expression of DOGL4 in these mutants since DOGL4 is highly expressed only later during endosperm development. Intriguingly, the paternally derived DNA methylation in the −1.0-kb Germination rate (%) DOGL4 promoter in WT endosperms was lost in dme/C24 and fie/C24 endosperms (SI Appendix, Fig. S3 ). The underlying mechanism of this effect on paternal DOGL4 methylation remains to be elucidated. Among the family of four 5-methylcytosine DNA glycosylases/ lyases, we found that only ROS1 negatively regulates DNA methylation of the DOGL4 promoter. We found that multiple regions within the DOGL4 promoter were hypermethylated on the paternal allele in ros1 endosperms, which might underlie the full suppression of paternal DOGL4 expression. By contrast, mutation of ROS1 did not affect DOGL4 promoter DNA methylation and gene expression from the maternal allele in the endosperm. Consequently, the differential expression between parental alleles was increased in ros1 mutants. Our results thus revealed a role of ROS1 in mitigating imprinting effects by demethylating the otherwise highly methylated and suppressed paternal allele. Further, our findings suggest that ROS1 and the RdDM pathway antagonize each other to control the DNA methylation of DOGL4 promoter of the paternal allele in the endosperm and, in turn, DOGL4 imprinting.
Whether ROS1 regulates imprinted gene expression more broadly remains to be determined. Since mutation of ROS1 did not influence DNA methylation of the DOGL4 maternal allele in the endosperm, we speculate that ROS1 regulates DOGL4 promoter methylation of the paternal allele in pollen before fertilization. The maternal allele in the endosperm is derived from central cells where DME is preferentially expressed and the CG maintenance methyltransferase MET1 is repressed (15, 38, 39) . We found that DME does not regulate maternal DOGL4 promoter DNA methylation; however, MET1 repression might contribute to the relatively low DNA methylation of the maternal DOGL4 allele in both WT and ros1 endosperms. Further work is required to test this hypothesis.
DOGL4 is a member of the plant-specific DOG1 gene family, which regulates seed dormancy. Mutation of DOG1 renders seeds nondormant (30) . We found that DOGL4 also controls seed dormancy but, in contrast to DOG1 mutations, mutations of DOGL4 enhanced seed dormancy (Fig. 5) . Like DOG1, DOGL4 is highly and preferentially expressed in seeds (Fig. 5A) . dogl4 mutants did not show pleiotropic phenotypes, which suggests that DOGL4 is specifically involved in the regulation of seed dormancy. We found that DOGL4 expression in the endosperm may contribute to regulation of seed dormancy and ABA response (SI Appendix, Fig. S6 D and E) . These observations support a recent view that expression of maternally imprinted genes in the endosperm plays important roles in modulating seed dormancy (40) . DOG1 regulates seed germination through inhibiting the expression of gibberellin-regulated genes encoding cell-wall remodeling proteins (41) . Whether DOGL4 has an opposite role in regulating the expression of these genes, and whether DOGL4 antagonizes DOG1 to regulate seed dormancy, remain to be investigated in the future.
ROS1 positively regulates DOGL4 expression through demethylation of the DOGL4 promoter region. We found that seed dormancy and ABA sensitivity were increased in ros1 mutants compared with their WT controls, phenocopying dogl4 mutants. Furthermore, overexpression of DOGL4 in a ros1 mutant background suppressed the enhanced seed dormancy and ABA hypersensitivity phenotypes of ros1 mutant plants. These results indicate that the higher seed dormancy and ABA sensitivity germinating seeds in ros1 mutants are at least partly caused by reduced expression of DOGL4. In summary, we have discovered a role for ROS1 in mitigating the paternal-specific silencing of DOGL4 in Arabidopsis endosperm and found that ROS1 negatively regulates seed dormancy and ABA sensitivity by promoting the expression of DOGL4 (SI Appendix, Fig. S7) . 
Materials and Methods
Plant Materials and Growth Conditions. Arabidopsis thaliana ecotypes Columbia-0 (Col-0) and C24 were obtained from the Arabidopsis Stock Centre (https://www.arabidopsis.org). The mutants were either ordered from ABRC or generated in our laboratory (SI Appendix, Table S1 ). Plants were grown in a growth room with 16 h of light and 8 h of darkness at 20-24°C.
RNA and DNA Isolation from Dissected Seed Embryo and Endosperm. Seeds of 7-9 d after pollination were dissected with a fine forceps on a slide under a dissecting microscope, and RNA or DNA was then isolated from the dissected seed embryo and endosperm. See SI Appendix, SI Materials and Methods.
RT-PCR and Quantitative PCR. Various tissues of control or treated plants were collected for RNA isolation and RT-PCR analysis. See SI Appendix, SI Materials and Methods.
Allele-Specific Expression Analysis of DOGL4. A dCAPS marker and allelespecific primers were designed based on a G/C polymorphism between Col and C24 at DOGL4 and were used for allele-specific expression analysis of DOGL4. See SI Appendix, SI Materials and Methods.
DNA Methylation Analysis. Extracted DNA was sodium-bisulfite converted and purified and then amplified using two rounds of nested primers. The PCR products were cloned and sequenced, and DNA methylation was analyzed using Kismeth tool. See SI Appendix, SI Materials and Methods.
Seed Dormancy and ABA Response. Radicle emergence of freshly harvested seeds was scored for seed dormancy determination. For ABA response tests, after-ripened seeds were grown on plates containing different concentrations of ABA, and radicle emergence and green cotyledon formation were recorded for seed germination rate and postgermination growth, respectively. See SI Appendix, SI Materials and Methods.
GUS Analysis. Vector construct and GUS analysis for pDOGL4:GUS transgenic lines were described in detail in SI Appendix, SI Materials and Methods.
Vector Constructs for DOGL4 and Phenotypic Analysis of Transgenic Lines. Vector constructs and phenotypic analysis for DOGL4 RNAi, knockout, and overexpression transgenic lines were described in detail in SI Appendix, SI Materials and Methods. 
